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Abstract

Fluorescence-based imaging regimes require exposure of living samples under

study to high intensities of focused incident illumination. An often underesti-

mated, overlooked, or simply ignored fact in the design of any experimental

imaging protocol is that exposure of the specimen to these excitation light

sources must itself always be considered a potential source of phototoxicity.

This can be problematic, not just in terms of cell viability, but much more

worrisome in its more subtle manifestation where phototoxicity causes
vier Inc.

reserved.

291



292 Jean-Yves Tinevez et al.
anomalous behaviors that risk to be interpreted as significant, whereas they are

mere artifacts. This is especially true in the case of microbial pathogenesis,

where host–pathogen interactions can prove especially fragile to light exposure

in a manner that can obscure the very processes we are trying to observe. For

these reasons, it is important to be able to bring the parameter of phototoxicity

into the equation that brings us to choose one fluorescent imaging modality, or

setup, over another. Further, we need to be able to assess the risk that phototox-

icity may occur during any specific imaging experiment. To achieve this, we

describe here a methodological approach that allows meaningful measurement,

and therefore relative comparison of phototoxicity, in most any variety of different

imaging microscopes. In short, we propose a quantitative approach that uses

microorganisms themselves to reveal the range over which any given fluorescent

imaging microscope will yield valid results, providing a metrology of phototoxic

damage, distinct from photobleaching, where a clear threshold for phototoxicity

is identified. Our method is widely applicable and we show that it can be adapted

to other paradigms, including mammalian cell models.
1. Introduction

In our experience, running the imaging facilities at the Institut Pasteur in
Paris (www.imagopole.org) managing phototoxicity is critical to long-term
live cell imaging studies on infectious processes. Host cell–pathogen interac-
tions are especially challenging when it comes to their reconstitution within
the context of meaningful experimental imaging paradigms, and phototoxic
effects are an abundant source of problems. For example, approaches using
multidimensional live cell imaging for studies on infection have become near
routine as recourse to analyze subcellular dynamics (Frischknecht and shorte,
2009; Shorte and Frischknecht, 2008). The difficulty of such approaches
comes from the need to maintain spatial and temporal resolution using
protocols that assure over-sampling x, y, z, and t. To achieve this, automated,
high-speed acquisition aims to sample x, y “stacks” as rapidly as possible to
satisfy the requirement that 3D volumes are acquired in a snapshot. Further,
the 3D stack must be repeatedly sampled over time at a frequency deter-
mined by the temporal dynamics of the process being recorded. Add to this
the need for multiple wavelength channels acquired at any given moment,
allowing to distinguish distinct targets, which must then be colocalized, it is
not uncommon to require 50–150 images to be acquired at each time point.
This can amount to the need for an elevated light budget. Overcoming the
limitations imposed by this light budget can often be the key to successful
imaging. In the context of a real study, for example, following fluorescently
labeledHIV virus (Arhel et al., 2006), bacteria (Enninga et al., 2005), parasites
(Amino et al., 2006, 2007; Thiberge et al., 2007), or prion protein (Gousset
et al., 2009), the need for extensive light exposure can have substantial impact

http://www.imagopole.org
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on the quality of the data, due to photobleaching that comprises the signal-
to-noise ratio of the detectable signal, and phototoxicity that risks to perturb
the processes under study.

A common misconception is to equate photobleaching with phototox-
icity. Photobleaching is specific to fluorescence microscopy and arises due
to the loss of fluorescent signal that occurs when fluorophores are excited
into a state leading to an irreversible loss of signal. Phototoxicity, on the
other hand, is a related phenomenon inasmuch as it may be precipitated by
photobleaching of fluorophores, but not necessarily. It may also occur in the
absence of fluorophore. Phototoxicity is a generalized term used as a catch-
all to describe how exogenous light energy may interact with the tissue/cell
metabolism (for detailed and extensive review, see Diaspro et al., 2006). The
term certainly refers to all those diverse processes resulting in light-induced
free-radical generation, for example, from fluorescent labels, and/or light-
sensitive metabolites. However, it also describes indirect effects such as
localized thermal flux generation (undesired light-induced heating effects);
light-induced ionizing, polarizing, and/or trapping effects; and of course
unintended light-induced activation of membrane conductances. In turn,
phototoxicity may result in extreme phenotypes such as cataclysmic cell
death by, for example, free radicals rupturing cell membranes, and collaps-
ing chemical and ionic compartmentalization. Such behaviors are easy to
detect and reject before further analysis is performed. On the other hand,
and much more problematic, phototoxicity may cause subtle effects, which
are difficult to detect, or even distinguish because they do not kill the tissue,
but rather subvert its functions. In the case of quantitative light microscopy,
there is no ground truth inasmuch as it is the experimental device itself, the
microscope, which induces these effects meaning that even careful control
experiments may not be sufficient. Thus, our only remaining recourse to
managing phototoxicity is to measure it and minimize risks by experimental
design. Unfortunately, this is not a trivial task.
2. Measuring Phototoxicity

2.1. The need for a quantitative, generic, and convenient
measure of phototoxicity

While it is rather well known, and somewhat implicit, that the impact of
phototoxicity will vary with the amount of light delivered to the sample,
much less clear are its underlying mechanisms. For example, while every
biologist using live cell microscopy techniques will have an opinion on the
subject, it is hard to know how a single-point-scanning confocal micros-
copy may be better or worse than, say, a multi-point-array-scanning con-
focal or a wide-field microscope. This uncertainty is due mainly to the
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difficulty associated to quantifying phototoxicity; that is to associate a
number relating the impact of phototoxicity of a specific imaging configu-
ration, which can be used to compare different imaging configurations.
Indeed, there are currently no systematic methods described in the literature
enabling to directly measure and thereby quantifying phototoxicity.

In efforts to measure phototoxicity, many studies have side-stepped the
difficult problem by exploiting the relative ease by which photobleaching can
be measured as the time-dependent decay of fluorescent intensity coming
from a known quantity of fluorophore. Such studies extrapolate their con-
clusions to be relevant to understanding phototoxicity in live biological
targets reasoning implicitly the relationship between the two phenomena
(De Vos et al., 2009; Hoebe et al., 2008). However, this is far from satisfactory
because while phototoxicity and photobleaching processes may, in many
instances, be tightly coupled, they are nonetheless distinctly separate phe-
nomena. The literature does offer some examples of efforts to directly assess
phototoxicity. For example, the group of Eric Manders monitored cell
rounding (a secondary indicator of apoptosis; Bortner and Cidlowski, 2002)
in the illuminated field of view providing evidence supporting the claim that
their method of controlled light exposure microscopy diminished phototox-
icity, by reducing total exposure to incident illumination (De Vos et al.,
2009; Hoebe et al., 2008). In a more quantitative approach, similar methods
counted the proportion of dead cells appearing during the few days following
illumination by a mercury lamp in an epifluorescence microscope (Zdolsek
et al., 1990) or the number of cells able to form a colony after irradiation in
epifluorescence (Wagner et al., 2010) or multi-photon imaging (König et al.,
1999). Cell rounding, blebbing, and/or nuclear fragmentation were taken as
indicative of cell death, but no data on incident light dose were reported.
Studying tobacco cells, Dixit and Cyr (2003) went further toward a metrol-
ogy of phototoxicity, monitoring cell death a few days after illumination, as a
function of the measured incident light dose. While all these examples use
phenotypic manifestation of cell death as a measure of phototoxicity, it is
rather the worst case scenario that phototoxicity may cause much more subtle
effects. For instance, Nishigaki et al. (2006) noticed that at high incident light,
the beating of the flagella of human sperm is detectably slowed, although they
did not quantify the effect. During intravital imaging in living Syrian golden
hamsters, Saetzler et al., 1997 report that a high incident light dose can induce
uncontrolled leukocyte activation and adhesion in venules and arterioles,
a crucial point when studying inflammatory response. The number of acti-
vated leukocytes was measured for a given period of time and analyzed as a
function of the incident light dose. In neuron calcium imaging, it was
observed that the dynamic range of Ca2þ pulses was impaired by a strong
illumination power (Ji et al., 2008; Koester et al., 1999).

From these previous studies, it is clear that the challenge in measuring
phototoxicity is its multifarious and non-continuous nature, which is
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intractably linked to the particularity and specificity of the biological system
under study. Indeed, phototoxicity may only ever be rather arbitrarily
measured by following specific parameters in a given biological model. In
this case, such parameters must be recorded in a defined experimental
paradigm and should be sensitive enough to detect early effects, far upstream
from cell death, but far enough downstream from the multiplicity of
complex de novo light-induced processes so as to be robust, and reproducible
over a relevant range of light dose. Toward this goal, we describe herein
the rationale and method, proposing a protocol that yields a well-defined
number that can be used as a quantitative measure of the tendency of an
imaging system to evoke phototoxicity. We validate our approach by
showing that this number is a characteristic of the illumination modality
of the setup and can be used to compare different settings on the same setup,
and even different setups.
2.2. A protocol to quantify the phototoxic effect of a
microscopy system

In this study, we aimed to establish a method allowing phototoxicity to be
compared between different imaging systems. The criteria for optimization
of this method were as follows:

� Quantitative. The method should provide a simple readout for phototox-
icity and a means to measure the relative power of light illuminating
the living specimen therein. Quantification of these parameters must be
reproducible and have a limited error range.

� Generic. Measurements must be easy to achieve and transpose readily
between different imaging configurations and different imaging systems,
ideally allowing to compare different illumination modalities based upon
their phototoxic impact.

� Convenient. The method must be easily disseminated and implemented; it
must be highly reproducible, lending itself ideally to become a standard
amenable to be shared among different laboratories, and stable over time.
2.2.1. Experimental rationale
Caenorhabditis elegans is a free-living, transparent nematode (roundworm),
about 1 mm in length, which lives in temperate soil environments. The
molecular and developmental biology ofC. elegans is well documented since
over 30 years (Sulston and Horvitz, 1977). As a multicellular eukaryote,
C. elegans is a valuable model organism offering distinct advantages. On a
practical level, it is simple enough to be studied in great detail. Strains are
cheap to breed and are fully viable after reanimation following long-term
frozen storage. Further, from embryo to mature worm, C. elegans is trans-
parent to visible light, facilitating the study of cellular differentiation and
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other developmental processes. Imaging techniques can be applied in the
intact organism, and by consequence, the developmental fate of every single
somatic cell (959 in the adult hermaphrodite; 1031 in the adult male) has
been mapped out (Kimble and Hirsh, 1979; Sulston and Horvitz, 1977).

These patterns of cell lineage are largely invariant between individuals,
and recent live cell studies have revealed the dynamics of cell lineage in living
embryos during the first 3 h of embryogenesis (Bao et al., 2008). Bao et al.
measured the cell cycle length from the one cell stage up to seven cycles of
division for 20 embryos. Remarkably, the “developmental clock” variability
showed the bifurcation of the lineage tree (the timing of nuclear division
events) occurred with a remarkably small standard deviation (<4.5%). Pre-
sumably, this variation is due to the small variation of experimental conditions
such as temperature; and the r2 ranging 0.997–0.999 asserts that, on average,
95% of the cell divisions in the C. elegans embryo deviate less than 2% from
the general clock. So, during embryogenesis, the C. elegans cell fate is tightly
controlled and highly reproducible from one embryo to another.

While such studies validate the use of epifluorescence microscopy to
monitor apparently healthy embryogenesis, at least during some period of
time, C. elegans embryogenesis is actually exquisitely sensitive to epifluores-
cent illumination. In our own studies, we have found that increased incident
illumination can result in disruption of cell division over time, specifically
causing a retardation of the developmental clock. Further, this effect is easily
detected by a reduction in the number of cell nuclei expected to be present at
any given time during the lineage. Reasoning that the light sensitivity of
C. elegans embryogenesis might be considered a phototoxicity paradigm, we
tested whether this parameter (number of cell nuclei) was sensitive to light
exposure in a dose-dependent, predictable, and reproducible manner.

2.2.2. Protocol content
2.2.2.1. Establishing imaging parameters We aimed to establish an
experimental protocol to test the hypothesis that phototoxicity effects on
C. elegans embryogenesis might manifest as a quantifiable relationship
between the number of cell divisions and incident light exposure. Thus,
the ideal protocol would reveal changes in the number of C. elegans cell
divisions during early embryogenesis, attributable solely to variations in the
incident light dose. Inasmuch as we hoped to use the method to compare the
performance of a broad range of different imaging microscope systems, and
configurations, relevant to real multidimensional imaging applications used
in common experimental conditions, we designed a protocol exploiting the
inherent flexibility and generic nature of a multidimensional time-lapse
(Fig. 15.1). The light exposure cycle was repeated during the first 2 h of
embryogenesis, starting from the onset of the first anaphase. The advantage
of this approachwas that it is relevant to real experimental conditions common
to most live imaging experiments, and it ensured that the whole embryo
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Figure 15.1 Summary of the protocol for the quantification of phototoxicity impact.
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volume was subjected to comparable levels of light, rather than say, for
example, a finite, focused, high-intensity light exposure like that used in
FRAP experiments. Further, the protocol is relevant to those used for experi-
mental imaging of C. elegans embryo elsewhere (Bao et al., 2008, 2006).
2.2.2.2. Incident light dose measurements To compare C. elegans-based
phototoxicity measurements on different imaging systems, or using different
system configurations, it was necessary to find a means to quantify incident
light delivered during the optimized acquisition protocol by measuring
the light dose at the sample level. While it sounds simple, this is actually a
non-trivial task. In developing the protocol presented here, we chose to
report this quantity as the energy density dose deposited on the sample,
when acquiring one stack, calculated as follows:

For epifluorescence wide-field microscopes and spinning-disks

� Measure the time-averaged power density at the sample level using the
power set for imaging;

� Derive the light dose by multiplying the measured power by the exposure
time per image, times the number of image acquisition in one stack (41 in
our case).

This assumes that the whole embryo received 41 times the light energy
used to image one place. Indeed, for these two systems, the whole fluores-
cent volume is excited, even if in the spinning-disk case, pinholes allow to
collect light emitted from a single plane only.
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2.2.2.3. Preparation of a selected C. elegans strain for imaging We
chose the C. elegans strain AZ212 (Praitis et al., 2001), which expresses
the nuclear localized histone protein H2B, conjugated with eGFP (hetero-
geneous expression). Worms plated on Petri dishes containing agar-based
growth support, supplemented for nourishment by inoculation with
Escherichia coli bacteria, were maintained in a temperature-controlled
bench incubator at 20 �C. Worm culture dishes were replated, depending
on the experimental needs, every 1–4 days. H2B-GFP C. elegans embryos
were prepared as described elsewhere (Bao et al., 2008, 2006). Briefly, two
to three hermaphrodite adult worms were plated on a coverslip in a droplet
of M9 medium. Using a binocular stereomicroscope, the adult worms were
dissected, and the eggs are dispersed. The egg-bearing coverslip was pressed
onto a glass slide coated with agar 2% and sealed using valap. The sample
slide set on a microscope system allowed eggs at the zygote stage to be
selected for imaging.

2.2.2.4. C. elegans imagingandphototoxicity impact quantitation C. elegans
embryogenesis was followed during 2 h from the first metaphase after pronuclei
fusion, a non-ambiguous event in embryo development. From this precise
moment, the developing embryo was subjected to an optimized light exposure
protocol using an epifluorescent microscope system (ambient temperature
range 20–22 �C). Conveniently, for the H2B-GFP strain used here, the first
anaphase manifests as the first instant where two dense chromatin fluorescent
spots can be seen and clearly separated. Twominutes before, when the fusion of
the two pronuclei is complete, the cell is in metaphase and only one bright spot
can be seen. The transition frommetaphase to anaphase (Fig. 15.2) defines clearly
an instantaneous temporal start point in theC. elegans embryo development from
which subsequent cell division times may be measured. The occurrence of
this event can bemonitoredwithmoderate fluorescent light, and it is also possible
for the trained eye to see it with transmitted light.
Figure 15.2 Left: C. elegans H2B-GFP embryo in metaphase. Chromatin appears as a
single, compact, dense spot. Right: The same embryo in anaphase (2 min after
Fig. 15.1). Two dense spots can now be seen. This event is used to determine precisely
the onset of imaging. Images were acquired on a Zeiss wide-field epifluorescence
inverted microscope, using a 63�-oil immersion objective.
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Using the optimized protocol, individual embryos were exposed to
repeated cycles of excitation light exposure on the imaging system in a
multidimensional (x, y, z, t) acquisition protocol that was strictly fixed for all
subsequent embryos. This way, a regular frequency of light exposure starting
from the onset of the first anaphase was maintained until 2 h after this event
(equivalent to seven cell division cycles in the non-phototoxic case). Thus,
the whole embryo volume was exposed to excitation light by virtue of a
z-stack acquisition, 41 z-axis “slices” (spaced by 1 mm) collected as rapidly as
possible, once every 2 min during the 2 h. Depending on the imaging system,
the frame exposure time was chosen according to an expected optimal range,
and then fixed throughout, and for all subsequent embryos. Inasmuch as the
image-data per se were not used in any subsequent analysis, it did not matter
what image quality resulted from under-, or over-exposure of the detector.
On the other hand, while the rhythm and frequency of light delivery was
fixed for all embryos in any given analysis, the total light exposure was graded
by varying the incident power at the light source. At the end of each run,
the total number (N) of cells distributed throughout the embryo volume was
counted (Fig. 15.3).

2.2.3. Impact of phototoxicity on C. elegans embryogenesis
Under conditions where no phototoxicity occurred, and at 20–22 �C, the
total number of nuclei after 2 h is expected to be 46–54. Many embryos
were imaged using exactly the same experimental conditions, and acquisi-
tion protocol, but gradually increased incident illumination resulted in data
that could be represented as the number of nuclei versus light dose. Thus,
without changes in the rate of light exposure, a clear effect of increased
Figure 15.3 The same embryo that of Fig. 15.2, 2 h after the onset of anaphase. For
the very high incident light dose used for imaging, the measured number of cells at this
stage was only seven.
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excitation light intensity was to diminish the number of cells, consistent
with the expected adverse effect of excitation light exposure on cell division
(Fig. 15.4). Indeed, the pattern of data from many embryos revealed that
low levels of incident excitation illumination caused little phototoxicity, but
at a threshold caused a sharp decline in the number of nuclei, above which
this diminution increased in a manner proportional to increased light
power, until embryogenesis was completely and cataclysmically arrested
(Fig. 15.4). This sigmoidal relationship between the number of nuclei and
incident light power was reproducible, and predictable, entirely consistent
with our expectations, that the decrease is attributable to photodamage,
quantifiable with respect to the incident light dose. On this curve, a single
point represents the imaging of a C. elegans embryo for at least 2 h. Finally,
to study the effect of increasing light dose, it was necessary to increase
incident light dose over a broad range of relevant intensities using multiple
embryos for each experimental run. The data pooled from at least 10
embryos allowed a conclusion on the threshold of light dose wherein the
given microscopy system retarded embryogenesis, the point of inflexion
being deemed as the “phototoxicity threshold.” More precisely, the data are
fit by a sigmoid, the simplest curve reflecting the observed distribution
of points in the phototoxicity curve. From this fit, one can then derive
the location of the inflexion point, with a 95% confidence interval, which
we define as the phototoxicity threshold of a system under some specific
imaging conditions (Fig. 15.4).
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Figure 15.4 An example of a phototoxicity curve measured on a wide-field micro-
scope. Dots are individual measurements; straight line is a fit by a sigmoid. The fit yields
a phototoxicity threshold of 4.27 � 10�2 J/cm2/stack (95% confidence interval is
3.65 � 10�2 to 4.88 � 10�2 J/cm2/stack).



A Quantitative Method for Measuring Phototoxicity of a Live Cell Imaging Microscope 301
Parenthetically, data point variance may have arisen due to the difficulty
to avoid small ambient temperature variations, as suggested in another study
(Bao et al., 2008). In the current studies, our environmental control was
sufficient to limit a temperature range within a few degrees (21 � 1 �C).
On this point, it is important to stipulate the importance of environmental
temperature. In separate studies, we found that at temperatures below
18 �C, C. elegans embryogenesis is significantly retarded. For example, at
17–18 �C and without illuminating the sample, we found that N ¼ 21–25,
compared to a range of 46–54 expected with a temperature of 20–22 �C.
On the other hand, embryogenesis was accelerated such that N ¼ 60–72 at
temperatures in the range 23–25 �C, whereas above this range, embryo-
genesis lasted only a few cell divisions.

2.2.4. Understanding the meaning of phototoxicity curves
The shape of the phototoxicity threshold curves was predictable inasmuch
as it could be understood as the accumulation of three distinct phases
according to different light dose ranges (see Fig. 15.4):

2.2.4.1. Neutral phototoxicity at low-energy light dose The number of
cells measured 2 h after imaging does not depend on the incident light
leading us to the conclusion that in this dynamic context, no phototoxicity
occurs. That is to say that if there is any phototoxicity occurring we do not
detect it, either because our method is not sufficiently sensitive or the intrinsic
dynamic mechanisms of the embryo (e.g., cytoplasmic mechanisms for free-
radical management) are sufficient to minimize phototoxicity. It is notewor-
thy that the worm is a terrestrial animal that lives in soil and feeds on the
bacteria growing on vegetative detritus, as such it may be equipped with some
capacity to protect itself from occasional exposure to potentially hazardous
ultraviolet sunlight, but presumably with only limited capacity able to deal
with acute, and not chronic, exposure. In any case, at low light doses, the
measured number of cells is the same whether we illuminate the sample or
not. Consequently, this part of the curve is a plateau atN ¼ 46–54 cells. The
existence of an energy range where there is no visible phototoxic effect was
observed in other studies (De Vos et al., 2009; Dixit and Cyr, 2003).

2.2.4.2. Cumulative phototoxicity at intermediate range Above a certain
light dose level, the timing of embryogenesis is impaired, observed as a
temporal retardation in embryogenesis. Consequently, the number of cells
measured 2 h after the onset of anaphase decays with increasing light dose.
The fact that moderate incident light dose above a certain threshold can
generate a dose-dependent phototoxic damage is consistent with previous
studies showing single cell induced-phototoxic effects (Ji et al., 2008; Koester
et al., 1999; Nishigaki et al., 2006) and other studies in cell populations (Dixit
and Cyr, 2003; König et al., 1999; Saetzler et al., 1997; Wagner et al., 2010;
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Zdolsek et al., 1990). We also report that in this range of energy, the more
incident light, the more damage is accrued in an apparently linear manner as
evidence by the characteristic decay of the phototoxicity curve.

2.2.4.3. Cataclysmic phototoxicity at high-energy light dose For very
high incident energy, severe damage is predicted, resulting in a total and
complete arrest of embryo development, as soon as after the first or second
cell division. Consequently, the phototoxicity curve goes through a point
of inflexion, leading to a nadir atN ¼ 2–4 cells. In this range of energy, our
protocol cannot distinguish between different amounts of damage, for it
reports only a constant number of cells. However, given that all relevant,
physiological dynamic function is lost, the value of further analysis for the
purpose of achieving optimum conditions for dynamic cellular imaging is
obviated. At this stage, we are restricted to study the processes of photon-
induced pathophysiology.
2.3. Longer image exposure times are less phototoxic

To further validate the developed method and to test its sensitivity, we next
used it to measure phototoxicity under conditions where changes in the
image acquisition regime should give predictable effects. We compared
exactly the same image acquisition protocol except the camera exposure
time used to acquire each image in each stack was increased from 100 to
500 ms. The effect upon phototoxicity curves, given the same total light
dose, demonstrates that the latter would be less phototoxic due to the lower
rate of light delivery (Fig. 15.5). Indeed, the shift of the phototoxicity curve
to the right indicates that the phototoxicity threshold is higher under
the image acquisition regime using longer exposure times. That is to say
empirically that our method revealed that delivery of the same total amount
of light energy, except more slowly, is less phototoxic than delivery of the
same total light energy in less time. This observation is consistent with the
expectation that the rate and intensity of light delivery are important factors
in increasing risk of phototoxic damage to live cells (Amino et al., 2007).
2.4. Using phototoxicity curves to compare microscope-
based imaging systems

Given some constraints, an exciting perspective of our method for measur-
ing phototoxicity is that it offers an easily distributed, common standard
(H2B-GFP C. elegans) and protocol allowing direct comparison of different
microscope systems anywhere. Indeed, precisely reproducing the protocol
generates standard phototoxicity curves based on definite variables, which
are independent from intensity-based image analysis or image quality. The
curves using these well-defined, robust variables (total light dose energy
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Figure 15.5 Two phototoxicity curves, acquired on the same wide-field system,
differing only in the exposure time per slice. Orange: exposure time is 100 ms. Green:
500 ms. The phototoxicity thresholds are, respectively, 1.85 � 10�2 [1.57 � 10�2 to
2.13 � 10�2] and 4.27 � 10�2 [3.65 � 10�2 to 4.88 � 10�2 J/cm2/stack (value and
(95% confidence interval)].

A Quantitative Method for Measuring Phototoxicity of a Live Cell Imaging Microscope 303
versus the number of nuclei) can therefore be compared, no matter their
original source or time, and may be used to compare microscopy systems,
by simple curve overlay.

Using this approach, Fig. 15.6 compares phototoxicity on two setups
so far:

� A spinning-disk (an Andor Revolution system mounted on an inverted
Zeiss AxioVert 200M and based on a CSU10 head) and

� A wide-field epifluorescence inverted microscope.

Total light energy doses reported use of measurements made from
behind the objective and are not corrected for transmittance. Further,
because we used objectives from the same series, comparative results hold
valid. Comparatively, the two systems gave phototoxicity curves consistent
with the expected characteristic properties. Namely, while some point
dispersion inherent to biological noise was observed both phototoxicity
curves resembled the characteristic shape predicted. In particular, a range of
light dose with no measurable phototoxic effect was observed, and as the
light dose was increased, this was accompanied by a dose-dependent photo-
toxicity effect culminating with developmental arrest. Our results demon-
strate a priori that the spinning-disk illumination has a stronger phototoxic
impact than plain wide-field illumination, yielding a phototoxicity threshold
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Figure 15.6 Two phototoxicity curves for two different systems using the same
objective. Blue: a spinning-disk microscope using a Yokagawa CSU10 head. Green:
a wide-field microscope. The phototoxicity thresholds are, respectively, 9.58 � 10�3

[8.58 � 10�3 to 1.06 � 10�2] and 4.27 � 10�2 [3.65 � 10�2 to 4.88 � 10�2] J/cm2/
stack.
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of approximately 1 � 10�2 J/cm2/stack for the spinning-disk, versus
4 � 10�2 J/cm2/stack for the wide-field microscope.
3. Discussion

3.1. A live specimen-based metrology

In Life Sciences, microscopes are mainly used to gather information on live
specimen. It is not surprising then that assessing the performance of these
microscopes involve using a live sample, particularly when it comes to
quantifying the impact of imaging on live specimen. Measuring other
performance criteria may not require stepping in the complexity of dealing
with live samples. The rate of photobleaching, for instance, focuses on a
fluorophore and its environment. To measure it, one can very conveniently
purchase commercially available probes coupled to latex beads that are easy
to mount and can be stored reliably over an extended period of time
without sample deterioration. Phototoxicity, on the other hand, is an effect
observed on a living sample, and as such can only be quantified by taking a
measurement on some dynamic property of this sample. Two key points are
linked to this simple observation.

First, a proper live sample must be defined as a standard for measurements.
Contrary to common imaging situations, these metrology experiments are
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performed to get insight on the performance of microscopy systems, not on
the live specimen, which can therefore be selected on the basis of conve-
nience. Second, a measurable dynamic feature able to relate the impact of
phototoxicity must be sought. Its baseline (its value when there are no
phototoxic effects on the sample) must be known or measurable. Ideally, its
numerical value is a robust, deterministic function of the incident light dose
for a given system, safe from typical biological variations, so that the same
measure taken several times with the same input gives a distribution with a
very small deviation.

Various authors have proposed different models to quantify phototoxicity.
Several studies are conducted based on monitoring the survival of cultured
cells after a given light dose exposure (Dixit and Cyr, 2003; König et al., 1999;
Wagner et al., 2010; Zdolsek et al., 1990). Individual cell viability is assessed
by a live-dead viability kit or direct observation of the cell’s morphology.
Saetzler et al. (1997) monitor leukocyte rolling and adhesion in arterioles and
venules as a function of incident light dose during intravital imaging of golden
hamsters. Two groups follow the dynamics of Ca2þ pulses, followed by
fluorescence, elicited in rodent brain neurons as a measure of phototoxicity
(Ji et al., 2008; Koester et al., 1999). All these methods give adequate and
meaningful results, but are not trivial to disseminate. Maintaining any culture
cell line, not mentioning living animals, requires equipment, people training,
and administrative authorizations that can be a strain for a non-dedicated
lab. Yet, a living sample-based metrology tool affordable by laboratories
specialized in the development of imaging devices or industrial manufacturers
would be beneficial to the imaging domain.

In this view, we choose to build our phototoxicity protocol using
C. elegans embryo. The specific strain used here can be ordered from The
Caenorhabditis elegans Genetics Center. The manipulation and mounting
for imaging require only a basic stereomicroscope. Finally, their care and
maintenance require very little expertise and equipment. Prior to this study,
our lab had no expertise in or dedicated equipment for C. elegans. We sent
some protocol kits to two remote labs, with no prior experience as well, and
had them carry successful measurements on their systems. This demonstrates
the portability of the protocol.

We chose to report the number of cells counted after 2 h of imaging
for several reasons. We want to make a statement on the imaging effects that
occur for long-term time-lapse 3D experiments, for which subtle artifacts
can occur over a long period of time. We then must follow the embryo-
genesis over a time long enough to be meaningful for these experiments.
Counting the number of cells is trivial in our case; in the strain we chose the
nuclei are labeled with eGFP, we can simply use the last time point in
the acquisition to make the measurement. Also, the number of cells 2 h post
first anaphase is always tractable (50 for the baseline), yet it is large enough to
allow for detectable drops when phototoxicity kicks in.
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Another dynamic feature could have been chosen; for instance, measur-
ing the time it takes for the embryo to reach the 28-cell stage. A strong
phototoxicity effect would then manifest itself from having a much longer
time to reach this stage. We chose, however, to count the number of cells
after a given time, because it enables the extended use of this protocol:

� First, it can be used on non-imaging devices or on imaging devices for
which a proper C. elegans embryo image cannot be formed (e.g., at low
magnification or without detector). Since the delivery of the light (input)
and the counting of the cells (measure) are decoupled, the embryo can be
placed onto the device to be tested for the 2 h, then brought onto another
suitable imaging device to count the number of cells.

� Second, it is not limited to measure damage caused by light. An embryo
can be placed in a hostile environment (chemicals, radiations, etc.) for 2 h,
then again brought to an imaging device to count cells.
3.2. The delivery rate of light dose matters for phototoxicity

We present a standard (H2B-GFP C. elegans) and method to measure
directly the relationship between light intensity and phototoxicity on any
imaging microscope system, configured to acquire data in any given opti-
mized image acquisition regime. This allows us to estimate the “photon-
light budget” available to any given experimental regime. Demonstrating its
broad utility, we show the method applied to two relatively simple experi-
mental paradigms: (i) changing image exposure times and (ii) changing the
imaging system. In the first example, we clearly distinguished the photo-
toxicity cost that accompanies the need to use shorter exposure times with
increased excitation intensities. This exigency is often stipulated by the
need, for example, to image fast cellular events. Interestingly, our results
suggest that the rate at which photons are delivered is critical to their
eventual phototoxic impact. Along these same lines, a second series of
experiments revealed spinning-disk microscopy to be more phototoxic
than conventional wide-field epifluorescence illumination.

In their study on tobacco cells, Dixit and Cyr (2003) observed that for the
same incident dose, the photodamage was more pronounced for a higher rate
of illumination. That is, illuminating the sample with shorter exposures but
higher power generates more photodamage than the converse. With the
spinning-disk confocal illumination, we are in a situation where a point at
the sample level receives light energy by short intense bursts. The pixel dwell-
times for spinning-disk confocal are on the order of microseconds. This is to
be compared with the 500 ms continuous illumination in the epifluorescence
case. This rate-dependence might be due to the presence of “phototoxicity
buffers” in the cell. The predominant process for phototoxicity generated by
fluorescent imaging is thought to be a type II reaction (Zdolsek, 1993) where
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reactive oxygen species (ROS) are generated by the energy transfer of an
excited fluorophore in a triplet state to a molecule of oxygen, exciting it to a
singlet state. The singlet oxygen can interact with other molecules within the
cell and generate phototoxicity effects (Saetzler et al., 1997). Natural ROS
scavengers, such as glutathione, ascorbate, and tocopherol, allow the cell
to cope with a certain amount of photodamage with no impact (De Vos
et al., 2009; Dixit and Cyr, 2003). If we suppose now that these scavengers
have a regeneration rate with a timescale similar that of the photon
illumination rate, then superior rates of photon delivery may overcome
the protective metabolism leading to irreversible, cumulative photodam-
age. For a given incident light dose, a slower photon delivery rate, for
example, imaging at longer exposure times with lower illumination power
will be protective, allowing free-radical scavenger mechanisms to regen-
erate and cope with ROS. We assume in either regime the same amount
of ROS is generated, but the lower illumination rate is permissive to
metabolic management by ROS scavengers. We speculate that this is the
reason why spinning-disk confocal compares unfavorably in this study.
Our conclusion that increased illumination rate explains why spinning-
disk confocal reported a decreased phototoxicity threshold (i.e., was more
phototoxic) compared to wide-field is entirely consistent with our wide-
field microscope data showing shorter (100 ms) exposure times are more
phototoxic than long (500 ms) exposure times.
3.3. Comparing illumination modalities

It is often stated that spinning-disks are the optimal system when it comes to
photobleaching (Vermot et al., 2008), ergo photodamage, a conclusion
challenged by the results presented here. However, it must be noted that
this optimality statement is based on the fact that these systems are equipped
with very sensitive cameras, and offer optical sectioning, that enable the
use of a much lower light dose to reach an acceptable SNR (Inoue and
Inoue, 2002). These two options are seldom used on conventional wide-field
microscopes, and an experimenter trying to optimize the image quality
instead of the incident light dose will likely find a spinning-disk to be optimal.

Because it involves solely the light dose measured at the sample level,
our protocol characterizes the impact of the illumination path and deliv-
ery modality only. It does not take into account the image quality that
depends on the detection path. This is a desirable feature for a metrology
tool: it allows the investigation and optimization of one part of the system
independently of the repercussion of other parts. However, practical cases
of imaging strive at obtaining the best image quality under the constraint
of minimal photodamage. The method proposed here does not take
image quality into account, and we aim to reconcile these two aspects
in a future work.
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4. Conclusion

We present a method and standard providing a non-ambiguous and
singular readout reporting the phototoxicity of any imaging microscope
system. The method yields a phototoxicity threshold value, which can be
used to compare configuration settings in the same modality or even other.
The protocol was engineered to be portable and convenient, so that it
can be used in any lab. Using this approach, we demonstrate spinning-
disk confocal imaging to be characterized by a lower phototoxicity thresh-
old (i.e., is more phototoxic) than a wide-field epifluorescence microscope,
a result we interpret as due to the critical dependence of phototoxicity upon
the rate of photon illumination. Consistent with this view, we show that
in wide-field epifluorescence microscopy the same total light dose delivered
by shorter exposure times is associated with higher phototoxicity (i.e., a
lower phototoxicity threshold) than the same light dose delivered by longer
exposure times.
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